LL-37-stimulated keratinocytes. Overall, these findings established the P2X 7 -SFK-Akt-CREB/ATF1 signaling pathway activated by LL-37 in primary keratinocytes. These signaling mechanisms mediated the synergistic effects of LL-37 on chemokine production in flagellin-stimulated keratinocytes, and thus might have a role in the immune defenses of the skin and possibly other epithelial barriers.
Introduction
LL-37 is a human cathelicidin family host defense peptide with a cationic charge and an ability to fold into an amphipathic ␣ -helical structure. It is produced primarily by leukocytes and epithelial cells through proteolytic cleavage from its precursor human cathelicidin antimicrobial protein 18 [1] . LL-37 is found at mucosal surfaces and in tissues at estimated concentrations of 2-5 g/ml [2, 3] and its levels can increase dramatically during acute inflammation, for example in the skin lesions of psoriasis patients [4] . Under physiological conditions LL-37 is weakly antimicrobial but has a broad spectrum of immunomodulatory properties. In particular, LL-37 activities on epithelial cells and keratinocytes include modulation of cell survival [5, 6] , induction of migration [7, 8] and promotion of wound healing [7, 9] . We and others have previously demonstrated that LL-37 stimulates the secretion of immune mediators by keratinocytes and other epithelial cells, including chemokine CXCL8/IL-8 and cytokines IL-6 and IL-18 [10] [11] [12] [13] , and at low physiological LL-37 concentrations it strongly augments chemokine production in response to microbial stimuli [14] , potentially promoting immune defenses of the skin.
The importance of LL-37 in the immune defenses of the skin and other epithelial barriers is demonstrated by the moderately increased susceptibility to infection in knockout mice for the LL-37 orthologue cathelicidin antimicrobial peptide [15, 16] . Reduced LL-37 levels are also linked to increased susceptibility to skin infections in patients with atopic dermatitis [4, 17, 18] . At the same time, LL-37 and cathelicidin antimicrobial peptide are also implicated in the pathologies of inflammatory and autoimmune disorders of the skin, such as in rosacea and psoriasis [19, 20] . Overall, this emphasizes the importance of further understanding the immunomodulatory activities of LL-37 in the skin and its role in modulating keratinocyte responses to microbial stimuli.
The signaling mechanisms mediating LL-37 activities in keratinocytes and other epithelial cells are complex. Stimulation of keratinocyte migration and wound healing by LL-37 is associated with activation of Akt, mitogen-activated protein kinases, focal adhesion kinase and STAT3, and these responses are mediated by the epidermal growth factor receptor and to a lesser extent formyl peptide receptor-like 1 [7] [8] [9] . Production of immune mediators in response to LL-37 in epithelial cells depends on the activities of mitogen-activated protein kinases and NF B downstream of epidermal growth factor receptor and Gi-protein-coupled receptors [10, 11, 13] . However, the components of LL-37-activated signaling pathways are incompletely defined and in particular the mechanisms of synergy between LL-37 and microbial compounds in keratinocyte stimulation are poorly understood.
In this study, the signaling mechanisms leading to chemokine induction in keratinocytes in response to LL-37 and flagellin were investigated. We demonstrated the role of the Src family kinases (SFKs) in LL-37 activity and established that the LL-37-activated signaling pathway consisted of the P2X 7 receptor, SFKs, Akt and the transcription factors CREB and ATF1. We further showed that LL-37 significantly enhanced the flagellin-induced activation of CREB and ATF1, suggesting this may be in part responsible for the synergistic effects of the peptide on chemokine induction by flagellin in keratinocytes.
Materials and Methods
Reagents LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRT-ES-NH2) was synthesized using F-Moc chemistry at the Nucleic Acid/Protein Synthesis Unit or at the Brain Research Centre (University of British Columbia, Vancouver, B.C., Canada), purified to 1 90% purity using reverse-phase HPLC and confirmed by mass spectrometry. Salmonella typhimurium flagellin was obtained from InvivoGen. Inhibitors (SU6656, PP2, and KN-62) were purchased from Biosource, Calbiochem or Sigma-Aldrich. PP2 and SU6656 were resuspended in DMSO (Sigma-Aldrich), and KN-62 in methanol. All experiments included DMSO or methanol vehicle controls. The inhibitors and peptides were checked against possible cytotoxic effects using the WST-1 cell viability reagent (Roche). The effects of the treatments on cell viability were calculated relative to untreated cells (defined as 100% viability) and cells exposed to 1% Triton-X (defined as 0% viability), using the formula [(OD treated -OD Triton-X)/(OD untreated -OD Triton-X)] ! 100%.
Cell Culture
Primary human adult epidermal keratinocytes (Cascade Biologics) were maintained in Epilife media (Cascade Biologics) with the addition of Human Keratinocyte Growth Supplement, containing bovine pituitary extract, bovine insulin, hydrocortisone, bovine transferrin and human epidermal growth factor (Cascade Biologics). Keratinocytes were seeded at 7,000 cells/cm 2 , grown to 70% confluence and rested for 1 h in fresh unsupplemented media prior to stimulation. The cells were maintained at 37 ° C and 5% CO 2 , and used between passages 2 and 5.
Western Blotting
Cells were washed with ice-cold PBS with 1 m M vanadate (Sigma-Aldrich) and lysed in TNE -1% Triton-X buffer (10 m M Tris, 150 m M NaCl, 2 m M EDTA, 1% (v/v) Triton X-100, pH 7.4), supplemented with 1 m M PMSF and protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Protein concentration in the lysates was quantified using the BCA Protein Assay Kit (Pierce). 5 ! SDS sample buffer, containing 250 m M Tris pH 6.8, 10% (w/v) SDS, 30% (v/v) glycerol, 0.5 M DTT and 0.1% bromophenol blue, was added and the lysates were denatured at 97 ° C for 7 min. The lysates were resolved on an 8% SDS-PAGE gel, followed by transfer at 95 V for 1 h to polyvinylidene fluoride membranes (BioRad). The membranes were blocked for 1 h in 5% (w/v) BSA in TBST (10 m M Tris-HCl pH 8.0, 150 m M NaCl and 0.1% v/v Tween-20) and then incubated overnight at 4 ° C with antibodies against phospho-Src (Y416, rabbit polyclonal; the product note indicates 'may cross-react with other SFKs when phosphorylated at equivalent sites'), phospho-CREB (S133, clone 87G3; the product note indicates that 'also recognizes the phosphorylated form of CREB-related factor ATF1'), phospho-Akt (S473, clone 193H12), ␤ -actin (all from Cell Signaling) or GAPDH (RDI/Fitzgerald), in TBST with either 1% (w/v) BSA or 5% (w/v) nonfat milk according to the manufacturers' instructions. The membranes were washed in TBST and developed with HRP-conjugated goat anti-rabbit IgG (Cell Signaling) or HRP-conjugated sheep anti-mouse IgG (GE Healthcare) and the Chemiluminescence Detection System (Amersham Biotech).
Quantitative Real-Time PCR RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocols. Gene expression was analyzed by qRT-PCR using a SuperScript III Platinum Two-Step qRT-PCR Kit with SYBR Green (Invitrogen) in the PRISM 7000 sequence detection system (Applied Biosystems). Fold changes were determined by the comparative cycle threshold method and normalized against mRNA levels of the ␤ 2 -microglobulin housekeeping gene. The primers were designed using the Roche online primer design tool available at qpcr.probefinder.com.
ELISA
Cytokine ELISA was performed using the anti-human CXCL8/ IL-8 antibody clones 893A6G8 and biotinylated 790A28G2 (Biosource), followed by avidin-HRP (eBioscience) as per the manufacturers' protocols. The ELISAs were developed with the TMB Liquid Substrate System (Sigma-Aldrich) and imaged with the PowerWave 340 plate reader (BioTek Instruments). Cytokine quantification was done against serial dilutions of recombinant CXCL8/IL-8 (R&D Systems).
Statistical Analyses
Statistical analyses used Prism 4.0 software (GraphPad Inc.), with two-tailed Student's t test for comparisons of two datasets and ANOVA with the Bonferroni or Dunnett post hoc tests for multiple comparisons.
Results

SFK-Inhibitors Suppressed Chemokine Induction in Response to LL-37 and Flagellin in Keratinocytes
To analyze the role of SFKs in the chemokine induction activities of LL-37 on human primary keratinocytes, the cells were pretreated with SFK-specific chemical inhibitors SU6656 or PP2 [21] [22] [23] , and stimulated with LL-37 alone (3 g/ml) or together with flagellin (0.5 g/ml) for 24 h. Synergistic induction of chemokine CXCL8/IL-8 by the combined treatment with LL-37 and flagellin was observed ( fig. 1 a) . Importantly, this was strongly and significantly suppressed by the SFK inhibitors, indicating the essential role of SFK-signaling in this response ( fig. 1 a) . A dose titration of SFK inhibitor PP2 was performed and demonstrated significant inhibitory activity at the concentrations of 5-10 M but not in the lower concentration range (online suppl. fig. 1a ; see www. karger.com/doi/10.1159/000335901 for all online suppl. material). The negative control compound PP3 (chemi- cally related to PP2 but known not to inhibit SFKs) had no inhibitory activity (online suppl. fig. 1b ). We further tested the effect of SFK inhibition on the production of CXCL8 transcript by qRT-PCR at the 6-hour time point and demonstrated a significant reduction in CXCL8 gene expression in response to LL-37 and flagellin stimulation in the SFK-inhibitor PP2-treated cells ( fig. 1 b) . The residual low levels of CXCL8 induction in the presence of the inhibitor may be either due to incomplete SFK inhibition or alternatively due to the presence of a minor SFKindependent pathway also mediating CXCL8 induction in response to LL-37 and flagellin. Neither the peptide nor the inhibitors showed significant cytotoxicity at the concentrations used, as demonstrated with the WST-1 cell viability assay ( fig. 1 c) . The experiments included DMSO vehicle controls at levels identical to the inhibitor treatments, and no DMSO toxicity or effects on chemokine production were detected ( fig. 1 a, b) .
LL-37-Induced Activating Phosphorylation of SFKs in Human Primary Keratinocytes
To confirm the role of SFKs in LL-37 signaling in human primary keratinocytes, the cells were stimulated with LL-37 at physiological 3 g/ml concentration and analyzed for SFK phosphorylation by Western blotting. Increased activating SFK phosphorylation at the residue equivalent to Y416 of Src was detected at 15 min of stimulation ( fig. 2 a; the manufacturer's note indicates that the antibody cross-reacts with other Src family members when phosphorylated at the equivalent site). The effect was statistically significant as shown by quantification of the blots from three independent experiments using ImageJ 1.43u software ( fig. 2 b) . There were no changes in the levels of total Src protein in the cells over 15-30 min of LL-37 stimulation (online suppl. fig. 2 ). This further confirmed that LL-37 stimulation induced activation of SFKs in primary keratinocytes. To explore the involvement of different SFK family members in LL-37 activity we performed an experiment involving a transient siRNA knockdown of Src and Yes in keratinocytes and observed a mild reduction in CXCL8 production in response to LL-37 and flagellin stimulation in both the Src and Yes knockdown cells (online suppl. fig. 3 ), suggesting that multiple SFKs may be involved in mediating the response. Similar redundancies and overlaps in function between SFKs have been reported in other pathways, for example in macrophage phagocytosis and signaling downstream of cytokine receptors [24] [25] [26] [27] .
SFK Activation in LL-37-Stimulated Keratinocytes Was Mediated by the P2X 7 Receptor
To identify the receptor upstream of SFK activation in keratinocytes we examined the role of the purinergic receptor P2X 7 , one of the known LL-37 receptors. Primary keratinocytes were pretreated with the P2X 7 inhibitor KN-62 or vehicle control methanol, stimulated with LL-37 at 5 g/ml and analyzed by Western blotting for the activating phosphorylation of SFKs at the tyrosine residue equivalent to Y416 of Src. As was the case previously, significant SFK activation was detected at 15 min of stimulation, and the P2X 7 inhibitor KN-62 significantly inhibited this response ( fig. 3 a, b) . Inhibition of Gi-protein- coupled receptors with pertussis toxin (PTX) resulted in a reduction in the background levels of phospho-Src in keratinocytes, however responsiveness to LL-37 was still apparent after PTX pretreatment ( fig. 3 c, d ). The peptide and the inhibitors were nontoxic to the cells at the concentration used in this study ( fig. 3 e) . This indicated that the LL-37-induced SFK activation in keratinocytes was mediated by the P2X 7 receptor.
SFK-Dependent Downstream Activation of Akt, CREB and ATF1 in LL-37-Stimulated Keratinocytes
To analyze the signaling pathways downstream of SFKs in LL-37-stimulated keratinocytes and to explore the mechanisms of LL-37 and flagellin synergistic stimulation, human primary keratinocytes were pretreated with the SFK-inhibitor PP2 or vehicle control DMSO and analyzed by Western blotting for activating phosphorylation of Akt and its downstream target transcription factors CREB and ATF1 [28] . Significant activation of Akt was observed at 30 min of LL-37 stimulation, while flagellin stimulation resulted in the activation of CREB and ATF1 ( fig. 4 a, b) . The combined stimulation with LL-37 and flagellin significantly augmented CREB and ATF1 activation ( fig. 4 a) , suggesting that this signaling response might be one of the mechanisms responsible for the enhanced chemokine induction by the combined stimulation. Phospho-CREB/intensity Phospho-CREB/intensity Importantly, when the cells were pretreated with the SFK inhibitor PP2, the induction of Akt, CREB and ATF1 phosphorylation was almost completely stopped in response to LL-37 stimulation, and also in the response to combined stimulation with LL-37 and flagellin ( fig. 4 a) . The effects of SFK inhibition on the activation of Akt and CREB were further confirmed using the alternative SFK inhibitor SU6656 ( fig. 4 b) . In contrast, the control compound PP3 (a chemical mimic of PP2 specifically modified to lack the inhibitory activity) did not suppress Akt activation ( fig. 4 c) , showing that the inhibitory activity of PP2 was not due to off-target effects. Blots from three independent experiments were quantified to confirm the statistical significance of the data ( fig. 4 d, e) . Levels of total Akt and CREB proteins were also quantified confirming that reduced phospho-Akt and CREB levels in the inhibitor-treated cells were due to reduced protein phosphorylation, rather than due to the loss of the total Akt and CREB proteins (online suppl. fig. 4 ). Overall, this demonstrated an essential role of SFKs in the downstream activation of Akt and the transcription factors CREB and ATF1, in response to LL-37 and LL-37 plus flagellin in keratinocytes.
Discussion
In this work a signaling pathway essential for mediating the chemokine induction activity of LL-37 in human keratinocytes was established, consisting of the P2X 7 receptor, SFKs, Akt and transcription factors CREB and ATF1 ( fig. 5 ) . We further demonstrated the critical role of SFK activity in the synergistic effects of LL-37 on keratinocyte responses to flagellin ( fig. 5 ), suggesting that this may contribute to the sensing of microbial compounds in the human skin and the immune defenses of epithelial barriers.
The role of SFK tyrosine kinases in LL-37 signaling and biological activity was established in human keratinocytes. Increased tyrosine phosphorylation had been previously reported in LL-37-stimulated keratinocytes and was associated with the induction of keratinocyte migration [7] , while pharmacological inhibition of SFKs had been shown to repress LL-37-induced chemokine secretion in smooth muscle cells [29] . However, to our knowledge the role of SFKs in LL-37 activity had not been explored further. The SFK family includes nine members, characterized by their conserved modular structure and a common mechanism of regulation through reversible phosphorylation of two conserved tyrosine residues [30] . Partial redundancy and overlap in functions between different SFK members occurs in many SFK-dependent biological processes, such as macrophage phagocytosis, cytokine receptor signaling and others [24] [25] [26] [27] . Similarly, redundancy and overlap in function between SFKs may also mediate the response to LL-37 stimulation in keratinocytes.
The role of the P2X 7 receptor in the downstream activation of SFKs was demonstrated in LL-37-stimulated keratinocytes. P2X 7 had previously been shown to mediate chemokine induction by LL-37 in smooth muscle cells [29] and gingival fibroblasts [31] , LL-37 stimulation of fibroblast proliferation [32] and IL-1 ␤ processing in monocytes [33] . Stimulation of purinergic receptors was also linked to cytokine production in keratinocytes [34] , but this report is the first demonstration of their role in the LL-37-mediated production of immune mediators in this cell type. Previous studies suggested that IL-8 induction in response to LL-37 in keratinocytes is mediated by Giprotein-coupled receptors [12] , and the discrepancies between the findings may be due to the differences in the cells used (adult vs. neonatal cells in the study by Braff et al. [12] ) and the concentration of LL-37 (3 g/ml in our work vs. 45 g/ml in the previous study). While the concentration used in this work more closely reflects physiological LL-37 levels under noninflammatory conditions, the higher levels of peptide used in previous studies may model pathological conditions such as the skin of psoriasis patients.
This work further established the role of Akt and CREB in mediating LL-37 chemokine induction activities in keratinocytes downstream of SFKs. The activation of Akt and CREB downstream of SFKs has been previously demonstrated in other signaling pathways, with class I phosphoinositide 3-kinases (PI3Ks) typically playing an intermediate role in the SFK-dependent Akt activation. Thus SFK-phosphorylated ITAM motifs (on various receptor and adaptor molecules) can act as binding sites for the SH2 domain of PI3K regulatory subunits, mediating PI3K recruitment and activation [35] . In turn, PI3K catalyzes the formation of the second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) that binds the pleckstrin homology domain of Akt, promoting Akt activation [35, 36] . The transcription factor CREB can be phosphorylated and activated directly by Akt as well as by other kinases [28] . In response to LL-37 stimulation, the activation of Akt has been previously shown in keratinocytes [7] , as well as other cell types [37] .
Activation of the SFK-dependent signaling pathway was also shown to be essential for the synergistic induction of immune mediators in keratinocytes in response to physiological LL-37 concentrations in conjunction with the bacterial TLR5 agonist flagellin. Although this study used commercially available flagellin from S. typhimurium , the flagellin interaction with TLR5 is known to be mediated by a conserved region of the flagellin molecule found across many bacterial species [38] . Flagellin from other bacteria, for example Pseudomonas aeruginosa , which causes opportunistic skin infections in immunocompromised individuals, signals through TLR5 in epithelial cells and mouse models via common signaling pathways [39, 40] . Therefore, the data in this study is relevant to other bacterial species including known skin pathogens. The immunostimulatory activities of LL-37 in the skin demonstrated here are likely to be important for immune defenses; however, their enhanced or inappropriate activation may also contribute to inflammatory skin disorders, such as rosacea [19] . This suggests that components of the characterized signaling pathway are potential targets for therapeutic intervention. Inhibitors of SFKs have been widely investigated as anticancer drugs due to their inhibitory effects on cell proliferation and survival, and a number of small molecules are in clinical trials [41] . Their potential immunosuppressive properties are also being addressed [42] . However, the use of such treatments in inflammatory skin diseases needs to be undertaken with caution, as the role of cathelicidins in disease pathology remains controversial. Indeed LL-37 is known to regulate many aspects of immune response, for example by antagonizing inflammatory activities of endotoxin and IFN ␥ [43] [44] [45] , and its inhibition could exacerbate inflammatory disease pathology. Reduction in LL-37 immunomodulatory activity is also likely to compromise the antimicrobial defenses of the skin [4, 15, 18] .
Overall, this study has established the P2X 7 -SFKAkt-CREB/ATF1 signaling pathway mediating the chemokine induction activity of LL-37 in human primary keratinocytes and the synergistic effects of LL-37 on keratinocyte responses to microbial compound flagellin. These pathways likely contribute to the activities of cathelicidin LL-37 in the immune defenses of the skin and epithelial barriers, while components of such pathways are potential targets for intervention in skin disorders associated with altered peptide function.
